Several technical standards for mine shaft lining design have been developed over the past century, especially in countries that have constructed a high number of underground mines. These standards apply different design approaches and consequently, provide the designer with different results. Based on analytical or empirical methods, they give guidance to dimension shaft liners under consideration of the effect of the main factors influencing their stress-strain state. In the engineering practice, such shaft lining design standards are often extended or complemented with other analytical methods, such as the convergence-confinement method, which evaluates the influence of the excavation process and the unsupported shaft section. This paper presents an overview of the most popular standards used for shaft lining design, comparing their consideration of various factors, such as the non-circularity of the shaft geometry, non-uniform lining load, anisotropic ground pressure, water pressure distribution, design life, temporary rock support, temperature load and different lining types. Furthermore, the limitations of these methods are discussed taking into account different approaches for groundwater control (e.g. ground freezing) or shaft sinking methodology (drill and blast, mechanised sinking etc.).
Introduction
Shafts provide access and ventilation to underground mines, which makes them an essential part of the mine's infrastructure. Therefore, the structural integrity of the shaft lining over its entire lifetime is required for a safe and uninterrupted mine operation. Consequently, shaft lining design and dimensioning is a matter of high interest. Several national standards, based on analytical and empirical methods, are available to the designer. Alternatively, commercial software packages relying on numerical methods have developed in the last decades and are now state-of-the-art in engineering design.
To the authors' knowledge, there is only a reduced number of countries with their own specific standards for shaft lining. The shaft lining standards from Germany, Poland and Russia, which have been widely used over the past century, were considered in this paper. The standard DIN 21500:2017-05 (Deutsches Institute für Normung e.V. (DIN) 2017) is mandatory for shaft design in Germany. In addition, it serves as a worldwide reference for shaft lining design and has been used in other countries, such as Canada and Belgium. This standard is based on the Guidelines for Calculating Shaft Linings in Unstable Rocks (Steinkohlenbergbauverein 1985) and on the experience gained by experts over decades in the German mining industry, mainly in coal mining in the Ruhr region and in salt and potash mines.
The standard is completely adapted to the European standards (Eurocodes) EN 1990 to EN 1998 (European Committee for Standardization 1990 , 1992 , 1993 , 1994 , 1996 , 1997 , 1998 which are presented in section 2.1.2. The scope of application of the standard is defined as follows:
"This standard applies to designing and dimensioning load-bearing support construction for new and normally circular -cylindrical vertical shafts in mining in unstable and stable rocks (…)" DIN 21500:2017-05
A detailed guideline for shaft lining dimensioning and calculation is provided to the design engineer in this standard. A special feature of this standard is that the user has to consider a non-uniform horizontal pressure on the shaft lining in addition to other usual loads, such as ground pressure, water pressure, thermal loads or vertical loads. In line with the general philosophy of the Eurocodes, safety factors are applied on the material properties and on the loads.
Furthermore, the standard defines several input parameters which have to be provided by the user, such as the purpose and special requirements of the shaft, the ground, geology, hydrogeology and the ground pressure for which the shaft lining will be designed.
For the calculation of the ground pressure, DIN 21500:2017-05 suggests using the formula for planar ground pressure, but also gives the option of using another method like the spatial ground pressure.
European Standards EN 1990 to EN 1998: Eurocodes
The Eurocodes provide a common framework for the design of buildings and civil engineering structures applicable in most European countries. The intention of the Eurocodes is to have a common, global and comprehensive package of standards in the European Union to design buildings and other civil engineering structures. As such, these European standards are not specifically focused on dimensioning and designing deep mine shafts but can provide the design principles and a more general approach. The Eurocodes can be used for a general analysis of structural elements (such as steel, concrete, reinforced concrete etc.).
In principle, other European standards contradicting the Eurocodes are to be withdrawn or harmonised. This is the reason why the DIN 21500:2017-05 was adapted to the Eurocode framework in 2017. This German standard is still applicable and valid, due to its specific focus on the lining of deep mine shafts. Therefore, from this chapter on, the DIN 21500:2017-05 and the Eurocodes will be considered together, in a combined approach.
The Eurocodes package of standards is divided into nine main topics, eight of which are listed below:
• EN 1990 (Eurocode 0): Basis of Structural Design.
• EN 1991 (Eurocode 1): Actions on Structures.
• EN 1992 (Eurocode 2): Design of Concrete Structures. The standards are adapted to each country by specific national annexes, which consider local conditions or experience.
Polish Standards PN-G-05015 and PN-G-05016
A similar shaft lining standard to the German one exists in Poland: the Polish standard PN-G-05015 (Polski Komitet Normalizacyjny (PKN) 1997a) which was originally published in 1979 and updated in the year 1997. This standard describes the general design of circular shaft linings. The calculation of the load on the liner, however, is described in another standard, PN-G-05016 (PKN 1997b). Both standards were published before the Eurocodes were finished; that is the reason why those standards are often not in line with the philosophy of the Eurocodes.
These standards provide the design engineer with a detailed description of the procedures to design different lining systems. The design philosophy is based mainly on experience of the mining industry in Poland, which results in several empirical coefficients. Furthermore, minimum lining thicknesses for various cases are fixed.
The calculation of liner load according to PN-G-05016 is divided into three basic stages:
1. Determination of basic parameters and coefficients of the rock mass.
2. Determination of the characteristic load on the liner with or without water pressure.
3. Determination of the design load on the liner.
For each of those stages, several safety factors are used:
• Factor of structural weakening of the rock, used as an extremely simplified transformation of laboratory rock properties into rock mass properties.
• Factor of load concentration due to the existence of other underground workings and shaft insets.
• Factor of load concentration resulting from the sinking method.
• Factor of load concentration resulting from neighbouring weak and strong strata.
• Factor of load increase resulting from non-horizontal inclination of geological strata.
• Factor of load changes according to the shaft diameter.
• Factor of load increase due to the greater shaft depth.
The partial factors defined in the PN-G-05016 result typically in a global safety factor of about two for a typical shaft of a diameter of 8 m. However, additional factors need to be applied according to the standard PN-G-05015:
• Additional correction factor for various rock types, hydrogeological conditions and liner types.
• Additional safety factor for various liner types.
Russian Standard SNIP II-94-80
To standardise the standards in the Russian Federation, the Research Institute of Mining, Geomechanics and Mine Surveying in St Petersburg established the standard SNIP II-94-80 in 2013.
The standard is mainly based on local, practical experience, which is combined with global safety factor philosophy. The global safety factor philosophy differs from the safety philosophy in the Eurocodes and is applied also in other Russian standards.
The calculating procedures are described in detail. Several empirical factors are introduced in the formulas, which are based on experience in the mining industry in the Russian Federation, in a manner similar to the Polish standard. Table 1 aims to give an overview of the main characteristics of the standards as well as the differences between the standards. 
Comparison between the standards

Limitations
The shaft lining standards presented in this paper were published with slightly different approaches. The specific geometrical and geological conditions and the construction sequence of the shaft have a large influence on the shaft lining loads and design. However, it is difficult to consider these effects using only analytical and empirical methods. In this respect, the limitations of the standards are condensed in Table 2 to evaluate the applicability of each standard in different cases. '+' -factor considered; '-' -factor not considered; '0' -factor could be considered with modifications.
Limitations of standard analytical methods of shaft liner design N-A Hentrich et al.
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Case study
Case description and input parameters
The different design standards will be applied to an existing shaft in order to demonstrate the differences already described and how the choice of the standard has a major impact on the results, and consequently on the liner thickness.
For this case study, the authors selected the Victoria mine shaft in Canada, which was described with its liner design in the paper by Fabich et al. (2015) .
The Victoria Mine site is located in Ontario, around 30 km from Sudbury. The construction of the shaft was started in 1900 and in 1918 the production shaft was successfully sunk to a depth of 918 m. The mine then started copper and nickel production. The mine was flooded in 1923 and was closed until 1973. In the following years, the production of copper and nickel occurred and in 1978 the mine was closed again and flooded. The shaft has been closed until today. In 2011, new plans emerged to access the orebody again with a new shaft. The new shaft was designed with an inner diameter of 7.6 m and a final depth of 1,861 m, with shaft stations every 300 m (Fabich et al. 2015) .
The authors of the paper (Fabich et al. 2015) mentioned that the use of the Polish standard was not recommended for shaft design for a depth down to 1,850 m. They remark that the formula of the standard considers only the virgin stresses resulting from the weight of the rock mass, but not other types of stresses, like those from tectonic origin. They also highlighted that neglecting such stresses can result in catastrophic consequences for the shaft design. Furthermore, they stated that the Polish standard was developed for mines which were normally constructed in Poland, with depths of less than 1,200 m (Fabich et al. 2015) .
Fabich et al. (2015) calculated the design parameters by using the Hoek-Brown criterion and focused on the shaft section from 1,440 m to 1,851 m depth. They already advocated the use of modern numerical methods to design such deep shafts and they used a 2D-numerical program (Phase² from Rocscience) for the design.
In the present paper, the known geology and boundary conditions are used to compare the standards for the 1,861 m deep shaft. The results obtained for the shaft lining dimensions consistent with the different standards are summarised in the next chapters.
The geometrical and geotechnical input parameters extracted from the paper (Fabich et al. 2015) are summarised in Table 3 . A typical and relatively simple concrete liner was chosen to facilitate the comparison between the standards. A schematic figure of the ground pressure on a shaft liner is presented in Figure 1 .
In an attempt to compare the three chosen standards with a method capable of considering the three-dimensional stress state during shaft sinking, the Convergence-Confinement Method (C-C) will be combined with the standards. It was assumed that the liner is to be constructed 5 m above the shaft excavation bottom.
Figure 1
Ground pressure on shaft liner
The C-C-Method is an independent study of the ground and of the lining deformational behaviours. The ground behaviour is represented by a ground reaction curve (GRC) and the lining by a support reaction curve (SRC). The method describes the ground convergence in terms of the applied confining pressure and relates the confining pressure acting on the lining to its deformation. The solution is given by intersection of the two curves (Eisenstein & Branco 1991; Carranza-Torres & Fairhurst 2000) .
Based on the case study the inner shaft diameter was set to 7.6 m and the depth of each layer was set as described in Table 3 , for the calculation of the concrete thickness according to different standards, were used in general (unique input parameters are mentioned in the corresponding chapter, as they are required for the calculation).
Calculations and results
German Standard DIN 21500:2017-05 and Eurocodes EN 1990 to EN 1998
The German standard was modified several times during the last few decades of mining in Germany to fit the then current state-of-the-art design rules. The current version is adapted to the design philosophy of the Eurocode. The method for calculating the ground pressure is neither fixed in the DIN standard nor in the Eurocode, so the designer has to select the way to calculate the ground pressure. Moreover, the choice of the method to calculate the ground pressure has a significant influence on the results.
The calculation of the tangential stresses for a given load pa is made for the uniform and the non-uniform loads. The tangential stresses from the uniform and non-uniform loads can be calculated according to formulae from the DIN standard. The geometric parameters are defined in Figure 2 . where:
= horizontal uniform ground pressure (MPa), see Table 4 = peak value of the horizontal ground pressure (MPa)
, , , = geometric values, see Figure 2 
Based on the shown rock mass properties and the shaft geometry for the three exemplary formations the required concrete liner thicknesses were calculated. In Table 4 the input parameters for Equations 1 to 2 are given for the thinnest and thickest liner results. In Table 5 the results of Equations 1 to 3 are shown. Furthermore, the selected concrete class as well as the utilisation factor is mentioned. For the calculation of the required concrete class and the liner thickness, the standard reduces the concrete strength according to the Eurocode. The verification is performed dividing the concrete class by the maximum stresses in the concrete. That ratio should be lower than 1. 
Concrete class Utilisation factor
Metasediment -12.5 -2.9 15.4 C30/37 0.91
Quartz-diabase -29.6 -3.9 33.5 C60/67 0.98
As already described, the German standard does not fix the calculation method for the ground pressure. In order to exemplify the impact of the selection of the method on the lining thickness, the results using the planar-active ground pressure and the C-C-method are given in Table 4 . An exemplary calculation of the ground pressure by the planar active ground pressure and the second mentioned option in the standard, the spatial ground pressure calculation gives calculated ground pressure values of 1.651 MPa (planar-active) and 0.069 MPa (spatial). This means the selection of the ground pressure calculation method is crucial.
The results differ to such an extent that the liner specifications are either very optimistic or very pessimistic. These results imply that it is highly recommended to investigate the actual ground pressure in detail and to verify it by means of in situ or laboratory tests.
Polish Standards PN-G-05015 and PN-G-05016
The shaft liner design according to Polish standards is based on two standards: PN-G-05016 for calculation of the design horizontal load on the liner and PN-G-05015 for the calculation of the liner properties.
The two standards differ strongly. The first one, PN-G-05016, consists of many empirical equations and factors, which are defined differently for various load cases. It seems that the methodology of estimation of the liner load may be optimised and it appears to be a collection of additional updates and correction factors obtained during many years of experience from Polish shafts. In that way, different approaches are given for thin, weak geological layers, coal layers, water-bearing layers, non-cohesive strata etc.
The second standard mentioned, PN-G-05015, contains a straightforwardly described methodology for liner design of various lining types, among others:
• Concrete liner.
• Reinforced concrete liner.
• Brick liner.
• Tubbing liner.
• Two-columns liner.
For the purpose of comparison of the selected case, the thickness d of the concrete liner is estimated as: m = correction factor depending on the geological strata, may vary between 0.95 and 1.15 (-). p = horizontal pressure obtained according to the PN-G-05016 (MPa), see Table 4 .
In Table 6 the input parameters for Equation 4 are given for two formations. There are several equations to calculate the horizontal pressure according to the PN-G-05015. However, due to the uncomplete dataset, the standard allows to calculate the horizontal pressure using following equations:
where:
= vertical stress (MPa).
= correction factor for depth greater than 800 m.
1
= correction factor due to the existence of other underground workings and shaft insets.
2
= correction factor due to the non-horizontal inclination of geological strata.
3
= correction factor resulting from the shaft diameter:
The input parameters for the calculation of the horizontal pressure according to PN-G-05015 are presented in Table 7 . 
Russian Standard SNIP II-94-80
The Russian standard SNIP II-94-80 is based on past experience, which was gained by the construction of many shafts in the last century.
Just a limited number of input parameters is required to use this standard. The main parameters are the depth of the formation, the uniaxial compressive strength of the rock mass and some general information about the situation, such as near shaft stations or neighbouring mining area.
To classify the rock mass, the Russian standard divides them and provides four different stability classes I to IV, with I as stable and IV as unstable. The stability class C considers the depth of the calculated horizon ( ), as well as the uniaxial compressive strength of the rock mass ( ), and several empirical factors like lift coefficient ( Г ), nearby underground buildings ( сб ), mining activities ( ц ), and incidence angle of the layers ( ). The stability class C can be calculated by the following formula:
= Г сб ц 26,3+ (5.25+0,0056 )
To calculate the ground pressure at the liner, the stability class defines the applicable formula. The stability class IV, which corresponds to unstable ground, is not covered by the standard. The Russian standard directs the user to a special authority or to an expert, who has to define the ground pressure. For the stability classes I to III the Russian standard provides a ground pressure formula.
The calculation of the monolith liner thickness, in this case a concrete liner, is performed as follows:
= concrete liner thickness (m). Кр = coefficient to consider the stresses concentration in the liner (-). Р = horizontal pressure on the liner (kPa), see Table 4 . δпр = coefficient for the penetration of the concrete into the nearby rock mass (-).
The input parameters for the stability class are given in Table 8 . Table 8 Input parameters for the calculation of the stability class In Table 9 the input parameters as well as the result for the concrete liner thickness is given. 
Comparison and limitations of the standards
Based on the case study of the Victoria Mine in Canada (Fabich et al. 2015) , which is planned to re-open and deepen to 1,851 m, three common standards for deep shaft design were used to dimension a concrete liner.
The German standard is based on mathematical and theoretical derivations, which allows the designer to understand how every value must be calculated. However, the standard does not consider special cases, such as the effect of weak layers in the nearby environment or the impact of mining activities or drifts.
The Polish standard provides a highly complex calculation, which includes several aspects of mining, like weak layers, mining activities or other underground openings. Moreover, some empirical parameters are hard to follow up because they are based only on past experience.
The Russian standard is at first sight quite easy to use, but it contains many empirical parameters based on past experience, the origins of which are not explained. It is possible to apply the standard while having very little information of the shaft, which allows the pre-design of a shaft lining at a very early stage. Furthermore, the standard has some direct limitations for the designer, e.g. that a monolithic concrete liner should not exceed a thickness of 0.5 m.
In Table 10 the results of the calculation of a monolith concrete liner by using the standards and by using the C-C Method is given.
Nevertheless, each standard is highly sensitive to the calculation of the load acting on the liner, as was shown in the calculations in section 3.2. Thus, it is highly recommended to verify as soon as possible the assumptions of the rock mass properties, the in situ stresses and the excavation sequence, all of which influence the loads induced on the shaft liner by ground pressure. The results for concrete liner thickness presented here allow to compare the three standards, however, the usability or constructability of the liners has not been considered in detail. As mentioned, in the Russian standard, the concrete thickness is limited to 500 mm, which is exceeded in some cases. The German as well as the Polish standard have no limits in this way. Nevertheless, from a practical point of view, if the concrete thickness is more than 1.0 m, an alternative liner system, which reduces the liner thickness overall, should be at least investigated. The case study presented here indicates that those standards are not applicable for such a deep shaft, probably because mining shafts in Europe are predominantly shallower than this one. Figure 3 provides a graphical overview of the results obtained from the three standards. The resulting concrete liner thickness for each layer is shown, calculated according to the three standards, along with the variant with the C-C Method. For the sake of comparability, the concrete class was fixed to C50/60 for all variants of the C-C Method. For the variants with 'standard' the concrete class was not fixed. The liner thickness and concrete class resulting in using the standards as it is described.
Figure 3 Comparison of the thickness of the monolithic concrete liner according to each standard and Convergence-Confinement Method (C-C)
It can be observed from Figure 2 that the calculated thickness of the monolithic concrete liner, without considering different concrete classes, varies widely. The resulting thickness of the concrete is very different even if the same load value is used as input parameter, like in the C-C Method. Taking the results of the DIN standard as 100%, the thickness ranges to 50% of that value. As shown previously the Polish and Russian standards are based on several empirical factors in contrast to the German one. It is in the nature of empirical factors that they follow experience and history and cannot be recalculated by anyone who is not familiar with the history. Even minor changes in some factors have quite a significant input in the results. However, to investigate each empirical factor and the influence on the results was not the main focus of this paper. The (2015) suggest that the use of numerical calculation methods is required for such deep shafts.
Conclusion
The paper has shown that there are major differences in the design philosophy of the three analysed standards: while the German standard proposes a design approach based on analytical calculations, the Polish and Russian standards rely on empirical factors. Moreover, the results of the case study differ widely: for instance, in the weakest sections (metasediment layer), the Polish standard would suggest a relatively thick concrete liner, while the Russian standard is not applicable.
The main challenge in applying the three standards during the proposed case study was found to be the correct calculation of the ground pressure. The standards come up with very different estimations of the loads induced by the ground pressure on the liner in such an extreme depth and strong rock mass. Moreover, as the German standard leaves the designer the choice of how to calculate the ground pressure, it delivers different results depending on the chosen calculated ground pressure. For the sake of an easier comparison, alternative calculations were performed calculating the ground pressure according to the C-C Method, using the same ground pressure for the three standards. Even in this case, the resulting liner thickness varies widely.
Therefore, it can be stated that the applicability of these standards should be restricted to geological conditions more similar to the ones for which they were conceived in their respective countries.
Another major limitation of the three standards is the fact that it becomes difficult to accurately determine the effect of several specific conditions, especially when complex, three-dimensional stress states exist, such as during the shaft sinking process or caused by nearby underground galleries.
Adequate procedures to calculate the ground pressure more accurately would be the C-C Method or numerical methods; the later are nowadays commonly used for detailed design of shaft linings.
